Background: Hypotrichosis with juvenile macular dystrophy (HJMD) is an autosomal recessive disorder characterized by abnormal growth of scalp hair and juvenile macular degeneration leading to blindness. We have explored the genetic basis of HJMD in a large consanguineous family with 12 affected patients, 1-76 years of age, with characteristic phenotypes. Methods: We first applied genome-wide homozygosity mapping to 10 affected individuals for linkage analysis to identify the genomic region of the defective gene. All affected individuals shared a 7.2 Mb region of homozygosity on chromosome 16q21-22.3, which harbored 298 genes, including CDH3, previously associated with HJMD. However, whole-exome sequencing (WES) failed to identify the causative mutation in CDH3. Results: Further investigation revealed a missense variant in a gene closely linked to CDH3 (1.4
| INTRODUCTION
Hypotrichosis with juvenile macular dystrophy (HJMD; OMIM#601553) is a rare autosomal recessive disorder characterized by early hair loss associated with late-onset progressive macular degeneration leading in most patients to blindness (Indelman et al., 2002) . Histopathology of the scalp skin of patients is largely unrevealing, but light and scanning electron microscopy have revealed a spectrum of hair shaft abnormalities, including pseudomonilethrix, pili torti, longitudinal ridging, as well as scaling and shedding of the hair shaft. While the hair loss is particularly severe during the early years of life, there is evidence of re-growth during puberty. The eye findings consist of reduced visual acuity and corneal dystrophy. The molecular basis of HJMD has been shown to reside in the CDH3 gene, encoding P-cadherin, which is expressed in the retinal pigment epithelium and hair follicles (Basel-Vanagaite, Pasmanik-Chor, Lurie, Yeheskel, & Kjaer, 2010) .
We have examined a large consanguineous family of Iranian ancestry with a total of 12 affected individuals with HJMD. The diagnosis was confirmed by hair phenotype and by eye examination, which established macular degeneration and late-onset loss of visual acuity. Initial attempts to identify mutations in the CDH3 gene by whole-exome sequencing (WES) failed, but subsequent analysis by homozygosity mapping (HM) and whole-genome sequencing (WGS) identified a large, previously unreported genomic deletion, eliminating 1.8 kb of the genome containing exon 3 and flanking intronic sequences of CDH3.
| RESULTS

| Clinical diagnostics
A large Iranian family of Azeri ethnicity was diagnosed with diffuse hair loss and late-onset diminution of visual acuity, characteristics of HJMD. Extensive consanguinity was evident in this family (Figure 1a ,b). The hair loss had been noted as early as at birth but was highly variable in the severity. In some cases, hair growth was fairly normal at 17 years of age, while in some patients essentially all hair was lost by the age of 13. Scanning electron microscopy of the hair shaft demonstrated areas of longitudinal grooves, local shedding, and absence of the cuticle ( Figure  1c ). The ocular findings were characterized by visual acuity in the range of 20 out of 20 to 20 out of 400. Few of the patients had a history of nyctalopia. Anterior segment evaluation consisting of clinical examination with slit lamp bio-microscope and paraclinical corneal study, such as Scheimpflug imaging and corneal topography, was normal in all patients. Fundus examination revealed features of macular dystrophy including symmetrical areas of the retinal pigment epithelium (RPE) hypopigmentation extending from the optic disks to the temporal macula. There were small hyperpigmented RPE clumps centered on each fovea. In older patients, visual acuity had declined to 20 out of 400 and worse. There was clinical evidence of advanced macular atrophy, subretinal scarring, and pigment clumping involving the juxtafoveal zones in both eyes (Figure 1b, upper right panel) . Thus, this family was diagnosed with HJMD with an unusually large number of affected individuals.
| Mutation analysis
Since families with HJMD have been previously shown to harbor mutations in the CDH3 gene, which resides on chromosomal region 16q22.1, we first performed autosomewide homozygosity mapping (HM) with DNA by a single nucleotide polymorphism array from 10 affected individuals available for study to confirm the genomic location of the mutant gene (Vahidnezhad, Youssefian, Jazayeri, & Uitto, 2018) . HM identified a number of genomic regions of homozygosity (ROH), but specifically, a 7.2 Mb DNA segment on chromosomal region 16q21-22.3 was shared by all 10 affected individuals (Figure 2a ). This region, which harbored 298 distinct genes, included CDH3, giving us confidence of CDH3 as the candidate gene of the a knock-in mouse for this variant, made by the CRISPR/Cas, showed no disease phenotype. However, using whole-genome sequencing (WGS), we were able to identify a novel Alu recombination-mediated deletion in CDH3:c.del161-811_246 + 1,044. Conclusion: WGS was able to identify a deep intronic deletion mutation, not detected by WES.
K E Y W O R D S
Alu-mediated deletion mutation, hypotrichosis with juvenile macular dystrophy, next-generation sequencing | 3 of 8 SAEIDIAN Et Al. mutation(s) in this family. All 298 genes within the shared 7.2 Mb ROH were interrogated manually and CDH3 was the only relevant candidate gene. However, subsequent analysis of DNA from three affected individuals by WES failed to identify a causative mutation in CDH3. Bioinformatics analysis of the WES data revealed, however, a missense variant in a closely linked gene (1.4 Mb distance), FHOD1: c.1306A>G, p.Arg436Gly. This variant was homozygous in all affected individuals and was found to be heterozygous in 18 out of the 19 obligate carriers. Bioinformatics predictions by ANNOVAR (Wang, Li, & Hakonarson, 2010) suggested this missense mutation to be pathogenic with a CADD score (Rentzsch, Witten, Cooper, Shendure, & Kircher, 2019) of 23.7 (for details of the methods, see Youssefian et al., 2019) . This variant was also predicted by MutationTaster as a disease-causing variant. In attempts to confirm the pathogenicity of this FHOD1 mutation, a knock-in mouse for this variant was made by the CRISPR/ Cas9 technique at The Jackson Laboratory (Bar Harbor, Maine). However, careful examination of the mice up to several months of age, followed by complete necropsies, including histopathologic analysis of the skin, hair, and eyes, did not reveal any evidence of a disease phenotype (J. P. Sundberg, personal communication).
In further attempts to pursue the pathogenicity of the CDH3 gene whole-genome sequencing of DNA from the proband was performed, which identified a large deletion in CDH3: c.del161-811_246 + 1,044 ( Figure 2b ). This mutation deletes exon 3, which consists of 86 bp, predicting out of frame deletion of amino acids in the extracellular domain of P-cadherin within the cadherin prodomain-like segment and presumably leading to nonsense-mediated mRNA decay. The segregation of this mutation in the affected individuals in this family was confirmed by Sanger sequencing (Figure 1a) .
Examination of the genomic sequences surrounding the exon 3 which was deleted in the patients' DNA, revealed a number of repeat sequences, including Alu repeats within introns 2 and 3 ( Figure 3b ). Examination of the breakpoints by PCR demonstrated borders of the deletion within Alu repeats, suggesting that the genomic deletion was mediated by Alu recombination (Figure 2c ). Thus, this report highlights the inability of WES to call a deletion of an entire exon(s) in CDH3, and it further demonstrates the utility of HM and WGS in identification of mutations initially missed by WES.
| DISCUSSION
Hypotrichosis with juvenile macular dystrophy is a rare congenital disease mainly found in the Druze population of Northern Israel and close by Mediterranean areas (Elfatoiki, Cordoliani, Pascal Regane, & Afforitit-Demoge, 2016) . We report here, to our knowledge for the first time, an intragenic Alu-mediated deletion causing HJMD that results in the homozygous loss of the entire exon 3 in CDH3. The resultant transcript has exon 2 spliced directly to exon 4, and as it is out of frame, potentially leading to nonsense-mediated mRNA decay as a result of the CDH3 mutation.
Since the initial identification of a pathogenic CDH3 mutation in several consanguineous and nonconsanguineous families, a total of 19 distinct mutations (Bergman, Sapir, & Sprecher, 2004; Indelman et al., 2002 Indelman et al., , 2003 Indelman et al., , 2007 Indelman, Leibu, Jammal, Bergman, & Sprecher, 2005; Jelani, Salman Chishti, & Ahmad, 2009; Kamran-ul-Hassan Naqvi, Azeem, Ali, & Ahmad, 2010; Kjaer et al., 2005; Leibu et al., 2006; Mason & Patel, 2015; Sprecher et al., 2001 ) (including missense, nonsense, and frameshifts) in 28 separate families of various ethnic origins have been reported to cause HJMD. We compared dermatologic characteristics of our extended family (e.g. hair morphology, nail, and skin findings) as well as ophthalmologic features (e.g. age of onset of visual disability and loss of visual acuity) with the previously reported cases (Table 1) . No systematic correlation could be established between phenotypic characteristics and the type (missense vs. nonsense and/or frameshift) or location of the CDH3 mutations among our current family and 19 previously reported mutations (Table 1) . Phenotypic heterogeneity and absence of genotype-phenotype correlations were not only observed across various mutations and corresponding phenotypes but also intrafamilial phenotypic heterogeneity observed in our family. Most notably, we observed nail dystrophy and different severity of alopecia. In one family member (VIII-3) we also observed skin rashes, severe alopecia, and nail dystrophy, whereas other patients, such as the brother of this patient (VIII-5) had alopecia and no other findings. Wide variations in age at onset and degree of visual disability were observed among the 10 patients in this family. Although the number of reported patients is small, no correlation could be established between the type of hair abnormality and the degree of macular damage and skin findings. We performed single-nucleotide polymorphism genotyping on 10 members from the extended family to map the regions of homozygosity shared by all patients. There was only one homozygous region in Chr16:65808830-73077574, shared among all affected individuals and absent in carries, which contains 298 genes including CDH3. WES failed to identify pathogenic variants in CDH3. Therefore, WGS on CDH3 gene was performed, and a 1.8-Mb homozygous region was deleted in the CDH3 gene and segregated in all affected individuals. Analysis of the sequences spanning the deletion breakpoints to detect possible repetitive elements was conducted by the Repeat Masker program. A number of repetitive elements, including Short Interspersed Nuclear Elements (SINE) and Long Interspersed Nuclear Elements (LINE), including Alu repeats were identified, suggesting that the deletion mechanism is Alumediated. Specifically, a recombination event between two highly homologous Alu repeats within introns 2 and 3 is likely responsible for the occurrence of the deletion, and the site of the crossover events is shown in Figure 2 .
Distinguishing disease-causing mutations in individuals affected with the recessive disease can provide a molecular diagnosis that not only ends an often long diagnostic odyssey but can also enable therapeutic options. CNVs encompassing recessive disease genes have been described as disease-causing mutations for several conditions, and are occasionally among the most common causative mutations for specific diseases (Lupski et al., 2010; Rafi, Luzi, Chen, & Wenger, 1995; Vahidnezhad, Youssefian, Saeidian, et al., 2018) .
With the availability of state-of-the-art and relatively cheap and accurate technologies, such as HM, WES, and WGS, performing an accurate diagnosis is essential not only for prenatal diagnosis but also for available cell and gene therapy. Patients with HJMD could be a good candidates for gene therapy since there are several clinical trials going on for patients with retinal dystrophies. Therefore, phenotypic and genotypic characteristics are to be considered when selecting patients for future treatment.
| CONCLUSIONS
In summary, this extended Iranian family of Azeri ethnicity confirms a CDH3 mutation as the cause of HJMD and demonstrates genetic homogeneity as well as phenotypic heterogeneity in this disorder. Further studies including more patients are required to determine for possible genotype-phenotype correlations regarding the different clinical features related to CDH3 mutations in HJMD. Also, for such a rare condition, it is difficult to predict the overall incidence of the disease and additional cases could be helpful toward such goal.
